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SUMMARY 


A physical analog of steady-state sodium and potassium transport 
in a two-membrane, three -compartment system was studied utilizing the 
principles of nonequilibrium thermodynamics. This physical system- is 
-analogous to physiological systems where one compartment consisting of 
a cell monolayer separates two other compartments, such as the inter- 
stitial fluid and the renal tubule lumen in the kidney. The membranes 
in the model system serve only to localize the chemical potential 
gradients between compartments. The phenomenological equations relating 
the flows- through the membranes to the chemical potential gradients 
were developed from, the equation for -energy dissipation within each 
membrane. ‘.The flows defined both the nonsteady-state rates of' change 
s of concentrations within each- compartment and the steady-state transport 
across each' manih-ranfi . 

Ion transport due to chemical convection was studied by -adding 
water to' the "cell" compartment and removing it from the "interstitial" 
compartment 1 The "lumen" compartment was left as a strictly passive 
compartment. The -|Ta + , K + , and Cl" concentrations were measured 
periodically until -a steady -state was reached. 

r *’ In 'further experiments the concentrations of components in the 
"lumen" compartment were held constant by a constant flow of 
-NaCl-KCl-EpO solution through the compartment. The constant flow of 
water into the "cell" compartment distributed itself among both the 
"lumen" .and "interstitial" compartments according- to the- mechanical 
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filtration properties of each membrane. In initial experiment s , the 
flows were unidirectional into the "interstitial” compartment. In later 
experiments the flow was distributed to both the "interstitial" and 
"lumen" compartments. After the system had reached a steady- state, the 
concentrations of components, the flows of solution in and out of the 
"lumen"' compartment, and the flow of water into the "cell" compartment 
were measured. The magnitudes and directions of the steady-state 
transport of components were determined. 

- The' nonsteady-state experiments demonstrated a transient transport 
Of K + ,_-and Cl” ions from the "lumen"' compartment to the 

"interstitial" compartment against a concentration gradient. At low 
solvent fluxes the ion transport -occurs with the concentration gradient. 
At intermediate solvent fluxes, K + and Na + are transported in. opposite 
directions; K + is transported down a concentration gradient while Na + 
is transported against an equal or larger gradient. 

Steady- state transport of Na + and K* from the "lumen” compartment 
to the "interstitial" compartment may be maintained by a -solvent flux 
in the direction of transport. The magnitude of this transport is 
greatest when the concentrations of components in the two compartments 
are equal, and decreases as the concentration ratio of components in 
the "intestitial" compartment to those in the "lumen" increases. For 
the combinations of solvent fluxes and component concentrations 
investigated, the transport of K + was usually greater than the transport 


of Na + . 
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INTRODUCTION 

An important problem in the field of biology concerns the ability 
of living cells to maintain stationary nonequilibrium distributions of 
molecular components across their membranes and the associated ability 
of a layer of such cells to- maintain a constant flow of molecular 
components from one side to the other against concentration gradients 
of the components-. 

Classical approaches dealing with this phenomenon are summarized 

in general physiology texts (2, 4-, 5, 11, 12). The system generally 

considered is one of two compartments, cellular and interstitial, 

- separated by a cell membrane. Transport is considered to be at 

steady-state. If the component is such that it is neither produced 

nor consumed within the cell, the net transport is .zero. If the 

material tr an sported is produced or consumed at a certain rate, then 

the transport ,must proceed at a rate equal to production or consumption. 

The effect* of 'the transport is to maintain a constant concentration of 

materials within the cell, a factor vital to the viability of the cell. 

* 

A more complicated situation exists when the cell compartment 
separates two 'different extracellular compartments, such as occurs in 
the kidney tubule, intestinal mucosa, and capillary endothelium. In 
this 'case, a steady-state transport of a material, which is neither 
consumed, nor produced within the cell, can exist across the cell 
membrane without altering the concentration of the material within the 
cell. The material enters the cell at a certain rate from one 
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compartment and leaves the cell at the same rate into the other 
compartment. Such a system maintains constant concentrations of 
components within an organ and within the organism as a whole. 

Classical descriptions of biological transport generally categorize 
transport as passive or active. Passive transport is defined as that 
which occurs without the utilization of metabolic energy produced at the 
local site of transport. It is a process spontaneously driven by an 
electrochemical gradient negative in the direction of transport and 
with a simultaneous decrease in the free energy of the system. 

Active transport is defined as transport phenomena that require’ 
utilization of metabolic energy at the site of transfer. In this 
^ase, material may be transported against an electrochemical gradient , 
and the change in free energy in the local system becomes positive. 

By this mechanism a living cell may maintain concentration differences 
in the, face of passive gradients, or, in the case .of a tissue layer, 
this mechanism provides a means for sustaining a constant, steady- state 
transport 'of material against an electrochemical potential gradient. 

The above definitions hold true when the mechanism observed is purely 
passive or purely active. However, in most situations these mechanisms 
occur simultaneously., Various classical criteria have been developed 
for determining whether active transport is taking place . The most 
noted are the Nemst equation and the Ussing criterion. 
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The Nernst equation (2) for zero net ion flux is generally written 
as 

1) E 2 - Ex = ^ Mci/c 2 ) 

zE 

where E denotes electrical potential, C denotes ion concentration,,]? 
is the Faraday constant, R is the universal gas constant, T is absolute 
temperature, and z denotes the charge of the ion. The numbers 1 and 2 
denote the intra and extracellular compartments. When the transport 
phenomenon is strictly passive, a concentration gradient is balanced 
by an electrical gradient, and the Nerast equation is followed. When 
the Nemst equation is not followed, the concentration and electrical 
gradients are out of balance, resulting in a concentration gradient 
component unaccounted for by the passive forces defined in the Nemst 
equation. This requires the addition of an active transport component. 

The Us sing criterion (2, 39) relates the ratio of the unidirection 
fluxes of a component,, i.e., fluxes of the same material in opposing 
directions, to the concentration ratio and electrical potential 
difference across the membrane: 

Mg,i = ca jf< E 2 - E l> 

M l,2 C 1 


2 ) 



m 2,1 is tiie fl-u:x °f ‘ fclie material from side 2 to side 1, while 
m 1,2 is fb- e flux from side 1 to side 2. C2 and Cl are the concentrations 
on sides 2 and sides 1 of the membrane. E2 - Bp is the - electrical 
potential difference. If the ratio of unidirectional fluxes relates to 

the concentrations and electrical potentials as* defined by the Ussing \ 

1 ' ' 

equation, passive mechanisms are sufficient -to account for the transport 
phenomena. If, however, the Ussing equation is not followed, ^ active 
mechanisms are -hypothesized to account for the unbalance. The unidi- 
rectional fluxes may be experimentally determined by utilizing a radio- 
active isotope of the material on one side of the membrane. 

Since it is difficult to investigate the molecular processes 
occurring on the membrane surface and within the membrane., the specific 
mechanisms of active transport are not known. However, several 
hypotheses, have been proposed. The two hypotheses that are currently 
most popular relate -active transport to carrier-mediated movement and 
directional binding sites within the membrane (2, 20, 4l) . In the 
first hypothesis, the ion to be transported is bound to a carrier 
molecule on one side of the membrane, diffuses through the membrane as 
a complex, and is dissociated from the carrier at the other side. The 
energy for the dissociation is derived from the breakdown of a high 
energy compound. In the case of sodium transport out of a cell and 
potassium transport into a cell, the carrier molecule is thought to be 
sodium-potassium-activated adenosine triphosphatase and the energy for 
dissociation is provided by the breakdown of ATP to the lower energy 


compound ADP. 



7 


The directional "binding site hypothesis contends that' the membrane 
pore is lined with "binding sites with specificity .ror tne ion transporce 
and with directional characteristics such that the sites "bind the ion 
more strongly in one direction than in the opposing direction. * 
Utilizing energy from the breakdown of high energy compounds, the bond 
configuration of the binding site is thought to change and release the 
bound ion. 

One problem of the classical approach to ion transport is that it 
treats each component as a separate entity, thus creating a multitude 
of one -component systems. This requires that the free energy for each 
process decrease in order for the transport of that component to occur 
spontaneously and therefore be of a passive nature. If a change in 
free energy is positive, the transport needs an active mechanism in 
order to occur . What is neglected is the irreversible frictional 
interaction or coupling between component processes. If this coupling 
factor is included in a multicomponent treatment, the only requirement 
for transport to occur passively is that the total change in free 
energy for all components be negative. If the changes In free energy 
for the transport of all but one component are positive, the total 
change in free energy for the entire process may still be negative, 
and the entire process is essentially passive. 

Biological ion transport is .a nonequilibrium phenomenon that 
cannot be explained in classical equilibrium terminology. A better 
approach to this problem may be found in the realm of noneaudlibrium 


thermodynamics . 
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The groundwork for the theoretical approach to the thermodynamics 
of irreversible processes or nonequilibrium thermodynamics was laid 
by Onsager (28) in 1931, for which be received the Nobel Prize in 
Chemistry in 1968. Onsager employed Lord Rayleigh 1 s original treatise 
on the theory of sound which presented a set of equations expressing 
the linear dependence of mechanical flows on mechanical forces. Onsager 
extended these equations to include thermodynamic flows and forces. 

The resulting equations are known as phenomenological equations: 

J 1 = I H X 1 + L 12 X 2 * * * 

J 2 = ^l^ + l 22?2 * " * 

3) 


J n " kni^l + L n2^2 * * • 


*0 -^ik?k (i - 1, 2, . . . n) 

k-1 

ju are specific flows or processes and are forces. L-jjl are the 
"straight" coefficients relating the flows to their conjugate forces.' * 
Examples of the relationship of flows to conjugate forces include 
the flow of heat as a result of a temperature gradient, the flow of 
electric current as a result of an electrical potential gradient, and 
the diffusion of an ion as a result of its own chemical potential 
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gradient (17) • (k / i) are the "cross" coefficients. These 

relate flows to nonconjugated forces. Examples of this relationship 
include flow -of current as a result of a temperature gradient and 
the flow of volume as a result of an electrical potential gradient 
(17). The cross coefficients also relate the flow of an ion to the 
nonconjugated force consisting of a pressure gradient or a chemical 
potential gradient of a different ion species. The phenomenological - 
equations in the application to multicomponent systems become an 
extension of Fick’s first law. 

The thermodynamics of irreversible processes based on Onsager' s 
original, work has since been developed more fully by Meixner , de G-root , 
Casimlr, and Prigogine, and summarized in texts by Denbigh (6), 
de Groot (1*0, de Groot and Mazur (15), Fitts (9) j Prigogine (31) 9 
Van Rysselberghe (4o) , and Haase (l6). Katchalsky and Curran, -(19) 
combined the various approaches to make the theory more amenable t< 
biological problems. 

The concept basic to the theory ,of nonequilibrium, thermodynamics^ j 
is that of entropy. According to the second law of thermodynamics, the 
change in entropy for a quasi -static, reversible process is equal to 
the change in heat divided by the absolute temperature: 


5 ) 


dS 




T 


This relationship does not hold for irreversible processes where 
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6 ) 


as 


> 


dQ 

T 


For example, in a reversible adiabatic process where the heat exchanged, 
dQ, is. zero, the entropy remains constant (dS = 0). However, in an 
irreversible, adiabatic process, the entropy of the system increases. 

This makes the entropy ideal for a qualitative differentiation between 
reversible and irreversible processes. Equation 6 does not give any 
information other than the direction, in which a process will go. The 
approach to quantitative formulation of the nonequilibrium thermodynamics 
is to replace the inequality in equation 6 with an equality in order 
to be able to precisely specify what the entropy change.- actually is. 

The assumption is made that the entropy of a system at any point of 
the irreversible process is. only a function of "the parameters that 
totally characterize the system at that point regardless of how that 
point was reached. If this is so, then the entropy at a specific point 
in the irreversible process would be equal to the entropy of the system 
if the nonequilibrium distribution of internal parameters were maintained 
at equilibrium by an external reversible process. Since the- entropy 
of the resulting equilibrium system and of the external reversible 
processes can now be defined by equilibrium, theimodynamics, the total 
entropy of the corresponding nonequilibrium system may be determined. 

The next important step, in the development of nonequilibrium 
thermodynamic theory is the postulation that the total entropy change 
in an irreversible process is equal to the sum of the entropy exchanged 
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by the system with its surroundings, or external entropy, and the 
entropy created within the system, or internal entropy: 


7 ) 


^ = ds ext + as int 


The internal entropy production is greater than zero for all irreversible 
processes and equal to zero for all reversible processes. Wow, the 
internal entropy, dS ini -, is related to the local entropy production, a, 
as follows: 


8) 



Thus, the local entropy production is the entropy produced in a unit ■ 
volume per unit time. The local entropy production is a highly 
sophisticated concept that relates all flows and their conjugate forces: 

n 

9) =X 

i-1 

Derived from and very often used instead of the local entropy 
production is the dissipation function, j\ 

n 

10) f = Tex = T 

i=l 

The dissipation function always relates the flows and forces such 
that it is equal to the rate of conversion of free energy into thermal 


energy. 
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, Both the local entropy production and the dissipation function 
define a set of phenomenological' equations : ' 

11) JifXnA 

k=l ( ’ 

L ikJ) the phenomenological coefficients, are generalized motilities or 
conductances. The phenomenological equations may also he written in 
terms of generalized frictions or resistances, Sjjg. 


12 ) 


x i = 


R lk J k 


k=l 


Onsager (28) in his original work demonstrated that if the flows 
ana forces are so related as to define the local entropy production, 
n, or the dissipation function, 0, then the following relationship 
for the cross -co efficient S' hold: 

L ik = ^i ^ 

13) / X 

R ik = R ki t k ) 

These relationships are known as the Onsager law of reciprocal 

relations. This law is very important in terms of practical applica- 
tion of the phenomenological equations- since it reduces’ significantly ■ 
the number of unknown coefficients'. The law has heen proven experi- 
mentally for multicomponent diffusion by Dunlop and Gosting (7)* 
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Based- on his earlier work, Onsager ( 29 ) applied noneguilibrium 
thermodynamics to the problem of diffusion. First, he developed a 
generalization of Fick*s law for multicomponent systems: 

n 

ib) j i = -Z D ik v °k 

k-1 

is the diffusion flow of component i, is the diffusion coefficient 
relating the ith flow to the kth concentration gradient, VC^. Then, 
utilizing the dissipation function for multicomponent diffusion, 

Onsager related the diffusion flows, J^, to the thermodynamic properties 
of the solution: 

w) ' - ^ =1 

k=l 

where is the chemical potential gradient of component i, and 

is the resistance coefficient relating the ith force to the kth flow. 

Hearon (l8) applied Onsager *s theoretical work to the problem of 
cellular diffusion. He related the distributions- of metabolic solute 
and inert solutes', (where is the concentration of the t 

component inside the cell), to the rates of production and/or 
consumption of the various metabolic solutes, q^, within the cell: 

a- 


16) 
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■H ki is the resistance coefficient relating the ith flow,, to the 
kth force. Solutions to equation 1 6 demonstrate that metabolic solutes 
may flow continually against their concentration gradients and inert 
solutes may establish nonequilibrium, stationary concentration gradient 
across the membrane. As a consequence of this- frictional coupling, or 
coupling with diffusion, the rates of production or consumption of one 
metabolic solute may influence the metabolism of another metabolically 
unrelated substrate. Furthermore, a change in the metabolic rates may 
result in the flow of metabolically inert solute from a region of low 
concentration to a region of high concentration. 

Stavermann (37) applied nonequilibrium themodynamic theory 
directly to membrane processes. Specifically, he related molecular 
transport, n^_, across a membrane to three forces: electrical potent iaC 

difference across the membrane, AE, pressure difference, AP, and 
chemical potential difference, A|%: 

17) = £ L ik ( + V* + 

k 

is the charge and Is the- partial, molar volume of the kth ion. 

He also related the phenomenological coefficients, L -rtf , which cannot 
be measured directly, to experimentally measurable quantities. 

i ' 

Kedem and Katchalsky (21) modified 'and extended Staverman’s work 
to the permeability of biological membranes. Ihey demonstrated the 
unacceptability of the conventional equations for osmotic -and pressure 



15 


induced flows across- the membrane . The' conventional equations involve 
two coefficients: the permeability coefficient of the solute and the 

permeability coefficient of the solvent. However, in order to totally 
describe the membrane transport process, three coefficients are 
required: the diffusion coefficient of the solute relative to the 

solvent, a coefficient related to the friction between membrane and 
solvent, and a coefficient related, to the friction between solute and 
membrane. The equations for volume flow, Jy, and diffusion flow,, Jj), 
in terns of these three coefficients' are: 


18) 


J v = V* + 

J D = Lnp6P + I'D® 


Lp is the mechanical filtration . coefficient related to the friction 
between membrane ^ and ^solvent, Lp is 5 the diffusion coefficient related 
to the friction between solvent and solute) ..and I»Qp(= Lp D ) is the 

* t it , , 

coefficient, related to the friction between solute and membrane. 
Equations l8 not only describe bulk -flow and diffusion flow, but as 
• a result of .the cross-coupling coefficients, Lpjj, describe osmosis 
(the flow of solvent resulting from a concentration differential) and 
ultrafiltration (the, flow of solute resulting from a pressure differ- 
ential). Kedem and Katchalslsy developed mathematical criteria 
for quantifying the selectivity of membranes, and derived equations 
analogous to equations l8, for a multicomponent system with 
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a single permeable solute as a ‘function of reflection coefficients, cr, 
and solute permeabilities , to. 

Manning (24), to characterize the membrane more- precisely, extended 
Kedem and Katchalsky’s equations by assuming that the diffusion and 
bulk flow occurred through specific potential energy profiles within 
an idealized membrane. He derived expressions for reflection coeffi- 
cients and solute permeabilities as functions of the potential energy 
profiles. 

Spiegler ( 36 ) , Nims (25), and Kedem and Katchalsky (22) have 
developed mechanical approaches to describe irreversible ion transport 
and membrane processes. The approach is based on the law of friction 
which relates the frictional force between two .objects linearly to the 
relative velocity of their motion. A multicomponent system is 
characterized by the relative velocities and the friction coefficients 
between the various components and between the components and the 
membrane. The resulting equations demonstrate the following relation- 
ships between the mechanical friction coefficients, f ■ ^ , and the 
thermodynamic coefficients, R ki/ cD ki : 


19) 


R ki " 


c i A 



Ax is the thickness and A is. the area of the membrane,, R is the 
un iversal gas constant, and T' is* the absolute temperature. 
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‘Nims (25) showed that the nonequilibrium stationary distribution 
of Na + , K*, and Cl“ ions produced by a constant water flux across a 
porous membrane is defined by the diffusion coefficients of the ions 
relative to water: 

BBSS 
c Na +c Cl“^Na + 7ci- 
Tn 

Cja^Cr^Na+^Cl - _ p (KCl)w, ^ 

of+C^-71+7^- p (KaCl)'w 

a and 0 are the two compartments on either side of the membrane, and 7 
is the activity coefficient of the specific ion in the respective 
compartment . 

The premise that a stationary nonequilibrium distribution of ions 
across the membrane may be maintained by a flow of other components 
has been tested by a number of experiments. Nims and Thurber (26) 
used a two compartment plastic., apparatus with a Millipore filter 
membrane separating the compartments to determine the distribution of 
Li + , Na + , K + , and Cl" ions- across the membrane. A constant flow of 
water was added to -one' compartment, and -removed by evaporation from 
the second compartment. After the system had reached a stationary 
state, Na + , K + , and Li + concentrations were ~ determined . The distributions 

according to equation 20 were calculated at various flows of water. 

> % * ’ . , ’ * ■ - 

Experimental values compared well with the theoretical value of 1.2. 

Salminen (53) devised an experiment to test' theoretical data 
developed by Elman, Rastas, and’ Salminen (8),. _ The theoretical system. 
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■based on nonequilibrium thermodynamics, involved two compartments 
connected by a capillary pore. Stationary nonequilibrium ion distri- 
butions within the capillary were calculated as a function of a flow 
of hydrochloric acid and water. The experimental apparatus was very 
similar to that of Nims and Thurber (26). A constant flow of water 
and hydrochloric acid was maintained, across the membrane. Hydrochloric 
acid, added to one compartment, reacted in the other compartment with 
sodium hydroxide. The experimental and theoretical results demonstrated 
that Ua + and KT** may be transported in opposite directions across a 
membrane against their concentration gradients by utilizing constant 
flows of acid and water. 

In. experiments similar to those of Nims and Thurber (26), Rapoport 
( 32 ) demonstrated nonequilibrium stationary distribution of K + , Li + , 
and Cl" across a porous membrane using a constant flow of water. 

Nims. and Butera (27) demonstrated a nonequilibrium stationary 
distribution of ions across a membrane resulting from a constant flux 
of urea, amm onium, and carbon dioxide. Urea was added at a constant, 
rate to one compartment 'and hydrolyzed by urease in the- second 
compartment. The ions, moved both against their concentration and 
electrochemical gradients. 

Thurber and Thompson ( 38 ) experimentally tested the' prediction 
based on nonequilibrium-. thermodynamics : that the' stationary ion 

, t 1 > i - 

distributions across-’ a membrane are exponentially related to the steady- 
state metabolic flows across the membrane. The investigators utilized 
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human erythrocytes under anaerobic* conditions . In this case 'the total 
flow -of metabolites was approximated by the lactic acid production , h L , 
and the ion distribution was - expressed as 

* Ha K * Mn_ 

In — p - - c . , =• -Ji 
Na oKp T 

where p ana c refer ‘to* the plasma and’ cell compartments^ -M is a 
summation of membrane parameters ’and -frictional coefficients, and I 
is the absolute temperature. The erythrocytes were incubated at 
various temperatures. Stationary state lactic acid production and 
cellular and plasma concentrations of Na + and K + were determined. The 
experimental data correlated with equation 21 within experimental 
error, and the investigators concluded that the equation was. a valid 
description of nonequilibrium ion distribution in the human erythrocyte. 

The thermodynamic and mechanical treatment of transport across > 
membranes as reviewed above generally describe macroscopic phenomena. 

In a biological membrane, however, the pores and associated transport 
phenomena are on the microscopic level, i.e., of the order of magnitude 
of the molecular components. Thurber and Thompson' 1 s work ( 38 ) is 
particularly significant in that it demonstrates the validity of the 
macroscopic equations as applied to a biological system.. 

The objective of my investigation was to extend the above described 
work -to a two-membrane, three -compartment system, which is open to all 
components, and to- determine 1 whether a flow of’ one of the components 
-can maintain a nonequilibrium stationary distribution of ions, and 
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whether such a flow can sustain steady- state transport of ions against 
their concentration gradients. 

The two-membrane, three-compartment .system is a simple model of 
cell layers, such as exist in the kidney tubule, the intestinal mucosa, 
and the capillary endothelium. The cell layer, compartment 0, separate: 
two other compartments: the lumen, compartment a; and the interstitial 

space, compartment y. There are two membranes separating the compart- 
'ments. Metabolic substrates are consumed or produced within the cell 
compartment, producing material flows across the membranes. These 
flows may be different across each -membrane if the physical properties 
of the membranes are different or if the chemical potential of the 
substrates are different in the external compartments. The flows are 
a source of free energy, and may, by frictional cross-coupling, produce 
flows of metabol ically inert components. 

This model despite the simplifying assumptions, can throw light 
on the question of how a cell layer can maintain nonequilibrium 
distributions of ions to which it is permeable, and how it can sustain 
steady- state transport of these ions against their concentration 
gradients. 

A mathematical, model of this system was developed from non- 
equilibrium ‘thermodynamic theory for isothermal conditions and 
continuous phases. It was assumed that' no gradients existed within 
the compartments. Component s f consisted of HaCl and KC1 in aqueous 
•solution. The "metabolic" production of water within the cellular 
compartment 0, was. the only metabolic* substrate or product flow 
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considered in this model. The water flow distributed itself between 

the external compartments, a and y, according to the pressure 

differentials across the membranes and the mechanical filtration 

properties of the membranes. The membranes localized the chemical 

potential or concentration gradients between the solutions in the 

compartments. The membranes were assumed not to differentiate 

between ion components. Consequently, no flow of current through and 

no separation of charge across the membrane were considered . The 

membranes were assumed to be homogeneous at every elemental thickness 

and the effective pore area was assumed constant throughout the 
f 

membrane. Although these assumptions are severe, they portray a 
limiting case, and any observed phenomena may differ from the real 
case, only in magnitude. 

Initially, the system,, as in figure- 1 was studied under conditions 
where the system is open only to a unidirectional flow of water from 
the "cellular" compartment , 0, to the "interstitial! 1 compartment , y . The 
concentrations of ions, in y were held -constant by virtue of the 
relatively large size of that compartment. The intent was to observe 
the- direction of transient ion transport as a function of the water 
flow. In the limiting case, where time approaches infinity, this 
system' becomes a stationary two- compartment system of the first order, 
and ion distributions may be calculated according to Nims ( 25 -). 

Next, the system shown in Figure 2 was studied under conditions 
where the system was open to NaCl and, KC1, as well as to a unidirectional 
flow of water from the "cellular’' compartment, 0, to the "interstitial" 




figure 1.- Nonsteady-State System 



2k 


compartment , y. The ion concentrations in compartment y and in the 
"lumen" compartment, a,, were held constant. The latter was achieved 
by a constant flow of fixed concentration solution into- and out of 
compartment 4 a. The rate .of this flow,. and the differences in ion 

, \ *. ' T 

concentrations'" going into and out of that compartment were a measure 
of the steady-state ion transport, across the membranes for a .given 
unidirectional .flow of water from compartments 0. to 7 . Since ion 

' ‘ ’ 1 ( i 

concentrations, in compartments a .and y t where experimentally controlled, 
determination of- - ion’ concentration s : in the. cellular compartment, 0 , 
completely defined the nonequilibrium ,ion distribution for a given 
flow of water. 

"This system was also studied under conditions where the flow of - 
water from compartment 0 could distribute itself into both compartments 


7 and a. 
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ANALYTICAL MODEL 

The nonequilibrium approaches to ion transport through membranes 
include thermodyn ami c as well as mechanical treatments. The former 
offers the greatest generality, while the latter offers a clearer 
physical picture of the processes taking place. However, in the case 
where the membrane is essentially non selective with regard to the 
components, one approach has little advantage over the other. 

In this investigation,, a thermodynamic approach is used. It is 
an adaptation of Katctialsky and Curran’s (19) derivations to include 
both pressure and concentration .gradient forces across a membrane in 
a multiple solute system. The dissipation function is first written 
to relate the 'flows of components and the local chemical potential 
gradients within the membrane of a two - compartment system. The 
gradients are then related to the pressures 'and concentrations within 

each compartment. Finally, the equations' are applied to a two-membrane, 

. i 

three -compartment system. 

Consider the two compartment system diagramed in Figure 3 in which 
the compartments, a and (3, are separated by a physical barrier con- 
sisting of a membrane of unit area and of thickness Ax. Each 
compartment contains n -solutes and a solvent for 1 a total of n & 1 
components. At the observation plane, 0, a volume element of unit area 
and of thickness, dx, can be isolated. We can assume homogeneity and 
may apply the dissipation function for isothermal diffusion in a 
continuous phase with n + 1 components: 
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n+1 

22) • $ = £ J- ± • grad {-\± ± ) 

i=l 

0 is the dissipation per unit area at plane 0, is the flow per unit . 
area of component i at plane 0, and [i± is the chemical potential of 
component i at plane 0. 

As derived in Appendix D, equation 22 may be written in terms of 
the volume flow, Jy, the pressure gradient, grad (-P)., the diffusion 
flow of component i relative to the solvent flow,- jJ, and the concen- 
tration dependent chemical potential gradients, grad (-p!r) . 

n 

23) = J y grad (-P) + grad (-n?) 

i—1 

In deriving equation 23, vector notations are dropped since the 
one -dimensional case is considered, i.e., the flows and for ces a re only 
a function of x. 

In a stationary state, the flows in equation 23 are constant, and 
the equation may be integrated across the membrane. The pressure and 
the chemical potential .gradients across the membrane are linear. 
However, the phenomenological equations' defined by the resulting 

dissipation* function involve the phenomenological coefficients, L^. 

♦ * ; , , • f \ 

These coefficients* are strong 'functions of concentration and generally 
are not available which makes an actual numerical analysis of the 
theoretical model difficult. 



An alternate approach is to write the local phenomenological 


equations at plane 0 as defined "by the dissipation function in 
equation 23 * 

n 

j y = — Lp grad P -^T Lpj^ grad 
k=l 

2*0 


n 



solutes; that is, they are cross coefficients coupling hydrodynamic 
flow with di-ffusional forces and diffusion flows with hydrodynamic • 
forces. They are functions of the permeability and reflection of the 
membrane to a specific solute. For a very porous membrane, these terms 
may be neglected; that is, 

25) LpD = hs “ 0 

Equations 2k now become the equations for volume flow and dif~ 
fusional flow, respectively, at plane 0 in an isothermal continuous; 
system: 

Jy — *■ Lp grad P 
n 

J ± = -I L ik sraa »£ 

k=l 
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Lp is the mechanical filtration coefficient for the membrane element 
and Ljj^ is the coefficient that relates the frictional forces of 
component i to those of component k at the observational plane , 0. 

In the case of a stationary state the volume flow, Jy is constant 
and equation 2 6 may he integrated across the membrane': 

27). J V - - Lp AP 

where 

■ 2©) AP = P a _ pP 

Lp is an average filtration coefficient for the membrane. 

Equation 2 6 may be written in terms of diffusion coefficients 
and concentration gradients: 

n 

29 ) Jf = -J Dik .grad C]s 

k-1 

Equation 29 is similar to the equation for isothermal diffusion 
in a continuous system derived by Onsager (29)-. 

The diffusional flow-; may be written* as: 


’ 30) 



where Crj is the nri <"vP ■wn.tfvr at. nlane O and *T*.t is the flow 


of water. 
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The volume flow, J v , may "be written, in terms of the solute -flows, 

_ *’ i _ 1 • ' 

the water flows, and the partial- molar volumes,* V i and V w : 

n [ ' * 

31) J v =- 2 Yi J i * Vv 

i=l 


Derivations of equations 29, 30, and 31 are given in Appendix D. 
The solutions may he made sufficiently dilute to make the volume 
contribution of the solvent, J%V W , to .the total volume of the solution, 
V, overwhelmingly larger than that of the other components such that 


32)' 


V ^ -1- 
W n 
L W 


Substituting equations 30, 31, and 32 into equations 29 and 27, 
and multiplying the flows by the total area of the membrane. A, the 
equations for the flow of component i" and the flow of water relative 
to the membrane at the observational plane are: 


33) 


n 



D ^ 
^ik dx 


J TT = 


C^ADp AP 


-I 

k=l 


Wk 


Equation 33 states that the flow of solvent is equal to the difference 
between total flow and solute flow. In the case of bulk flow, the 
solute flows are negligible relative to the total volume flows. Hence, 
we may consider the solvent flows being approximately equal to the 
total volume flow: 
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3*0 J w ‘ » - C w ALp AP 

Combining equations 33 a* 1 * 3 . 3 ^ gives the general equation^ for the 
flow of a specific solute as a function of the, pressure' differential . 
across the membrane the local- concentration gradient^ and the 
concentrations of components; 

35 ). 

k=l 

The first term in the equation is the flow of solute i due to the 
frictional drag effect of the solvent. This phenomenon is sometimes 
referred to as the frictional cross-coupling effect or solvent drag. 

It is essentially analogous to the thermal convection phenomenon and 
may suitably be- referred to as the flow of solute due to chemical 
convection. The last term is* the flow of solute i due to diffusional 
forces. It includes the straight, diffusion as described by Fick's 
law as well as diffusion due to frictional cross -coupling between 
different solute components. The former flows are related to the 
forces dC^/dx by the straight coefficients } (i = k), and the latter- 
flows are related to the forces dC k /dx by the cross -coupling diffusion 
coefficients; D ik (i l k) . These coefficients are only weak functions 
of concentration at low concentrations and; therefore; are useful in 
the practical application of equation 35 - Values for the coefficients 
have been given by Dunlop and Go sting (7) by Fujita and Costing ('10 ) 
for a ternary system of MaCl - KC1 - H 2 0. These are listed- in Table 1. 
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As can be seen, the Onsager reciprocal relation for the phenomenological 
coefficients, L ±k = L^, does not apply to the diffusion coefficients-. 

TABUS 1.- DIFFUSION COEFFICIENTS AT 25° C FOR VARIOUS 
CONCENTRATIONS OF A NaCl - KC1 - H 2 0 SYSTEM (?) 

NaCl = 1, KC1 = 2 


Ci(M)' • 
C 2 (M) 

0.25 

■0.25 

0.5 

0.25 

0.25 ' 
0.50 

0.5 ‘ 

0.5 

1.5’ 
■ 1.5 

D I1 X 105 

1.380 

1 A 33 


1..403 

1.464 

X 1 0 5 

0.011 

0.021 

0.015 

0.026 

.0..199 

D 21 X 105 

0.150 

0.099 * ! 

0.207 

0.175 

: 0.387 

-^22 x 1^*^ 

1.836 . 

1.831 

1.863 

•1.859 

I.. 90 I • 


In order to apply equation 35 it:' is .necessary to define the local 
concentrations and concentration’ gradients for all components at the 
observational plane in ‘terms- of the concentrations in the compartments 
on either side of the membrane , This is difficult’ to do since both the 
concentration and concentration 'gradient at any point in; time vary as 
a function of pore size, pore distribution, and solution ^ agitation . 

The concentrations "within the membrane are difficult to measure. It 
is necessary to assume a gradient, calculate the resulting concentrations 
within the compartments and compare this to experimental data. This 
has been *done by Ekman, Rastas, and Salminen (8, 35) on a system of 
NaCl - KC1 - HC1 - HgO for two compartments connected -by a capillary 


pore. 
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A concentration gradient term may "be developed from equation 35, 
if we assume the gradient results from two conditions: first,, no 

pressure gradients exist throughout the system, i.e., - AIrp AP = P w = Oj 
second, the system is in a stationary state of the first order where 
only the flow of water exists, i.e., =0, F w ^ 0. The concentrations 

of components at the surface of the membrane are assumed equal to the 
concentrations within the compartments hordering that membrane surface, 
i.e., CL(x - 0) = eg, C (x = Ax) = C?. For the stationary state we 
may integrate equation 35 for the listed conditions: 


36.) 


c i(*V = °) 

- ,o) 



a F w(' x - ~ 
c i. e 


The asterisked diffusion coefficients denote that an average value was. 
taken over the concentration range integrated. Cross- coupling terns 
have heen neglected for deriving equation 36- The validity of dropping 
the cross- coefficients is demonstrated in Appendix D. 

Combining equations 36 gives a generalized equation for the con- 
centration of component i as a function of distance x within the 


membrane : 



3^ 
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Let 

38) 


C ± (x) 


= Cje 


F v (x-Ax)/AD*j, 




dCj.Cx) F W C? ^(x-^'/AD^ 

ax AD“_ 


!? - C? 


a ^V*/AD^ 


b 


ik - 



Ax 


When x = Ax/2^ the equations for concentration and concentration 
gradients become: - 


39) 


4 -?)-<?■ 


-V a ii 





' Equations 55 and 59 may he applied to the two -membrane , three- 
compartment system shown in Figure 1. The; components are defined 
as follows: WaCl = 1, KCl = 2 ., HgO = w. A pressure differential, AP, 

"between compartment j 3 and 7 'is .established, "by the constant addition 
of water to compartment (3 and the constant removal, of water from 
compartment 7 at a rate F^ = - (ALp AP)^. 
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The specific volumes of the compartments remain approximately 
constant. Compartment a is essentially closed to volume flow. The 
volumes of compartments {3 and 7 likewise remain constant in that the 
amount of solvent entering is equal to the amount leaving. Consequently, 
the changes in concentrations of components within the compartments is 
due only to solute flow leaving and entering. For compartment a, a 
positive rate of change in the amount of component i is equal to the 
flow of i into cl, or 


4o) 


an? d<£ 

1 1 

dt dt i 


is constant throughout the membrane. 

For compartment y, a positive rate of change in the amount of 
component i is. equal to the flow of i into y, or in the negative x 
direction: 


kl) 


dn£ = 7 dC£ 
dt V dt * 


J37 

i 


For compartment (3^ a positive rate of change in the amount of 
component i is equal to the dif f erence . of the flow . ofi out of y and 
out of a: 


an? ft dC? * 0 ‘ f ; ' dC< ac^ 

k2\ — - = vP — - = j37 ■= _ yy — - _ y& — - 

' dt dt 1 ' 1 dt' dt 
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Combining equations 35 > 39> 4o, 4l, and 42, and taking into con- 
sideration that = - (ALj, AP) a P = 0 for the nonsteady-state model, 
we obtain a system of differential equations defining the concentration 
of. each component in each compartment at every point in time. 


43) 


v a f| = .^-^c“ + ^cP + ^ 

dt 


A na 

v“ - bgcj - bg|c§ + bgcf + bgc| 
yo. ac? ac£ v r aci 

4 - + = 0 

yP dt dt yP 'dt 

y<x dC§ dc| y 7 dc£ 

^"dt + “dt + ^p"dt =0 


4 .B 7 \ 


= (- h + b0 V + bP7 c p + f- - b 37 \ 

dt ^ 2 11/ 1 12 2 ^ 2 11/ 




+ (F 7^2 e * w '-^. l3 P7e' W '^]c| 

' w 41 12 ) 2 


y dCX 

V — - 
dt 


•hP^P + ( *v . b Pr\ r P , Lr 1 ^ 2b 
b 21 C l + “ + b 22j C 2 + ^ F w 


b| 7 F^/2bg 


4>ii\ 




u 2r 


The above equations are a system of linear, first-order equations. 
Solutions of these equations are of 'the- type (35) J 
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4 

Z Ajt 

K ij e • 
j=i 

‘Time histories of the concentrations using specific coefficients and 
initial conditions in equations 43 .have "been produced "by computer 
program and are presented under Results. The program also produced 
the specific eigenvalues, and eigenvectors, for equation 44.. 

The concentrations in all three compartments change with time 
until a stationary condition is reached. This occurs- when cj = c$, 
at which point the system effectively becomes a two -compartment system. 
In order to investigate a steady-state in a three -compartment system, 
it is -necessary to hold constant the concentration of components in 
two of the three compartments. 

The concentrations of components in compartment a are now held 
constant by a constant flow Qf solution with fixed component concen- 
tration into and out. of compartment a. The concentrations of components 
in- compartment 7 ar,e maintained approximately constant ,by making the 
compartment volume extremely large compared to compartment s ' a and 0. 

This system is shown in Figure 2. . 

In this system, the doncentrat ions of components in compartment a 
will reach steady -state Values different, from those in compartment- 0. 

At steady- state, the rate of change of , component i in compartment a 
is zero, or from equation 4o 
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r aout _ join _ 
i i i 


= 0 


A .jx aout ain a,0' 
AX ± = J ± - J ± » 


AJ^ is the steady -state transport of component i into and out of 
compartment a 

In the steady -state ease, the rate of change of components in eich 
compartment is zero* and, consequently, all flows are constant throughout 
the system: 


.46) 


jf = jf =AJ?; 


Substituting equation (46) into equation and utilizing the 

concentration .gradient from equations 39/ we can develop the equations " 
defining the steady state transport of components 1 and 2 between 
compartments a and 7: 






The above four simultaneous equations have four unknowns: the transport 

of NaCl and of KCl r and the concentrations of NaCl and of KC1 in 
compartment (3. Solutions obtained by computer program for .specific 
conditions and coefficients are given under Results. 
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APPARATUS 

The- basic experimental apparatus used consisted of three liquid 
compartments separated by porous membranes as shown in Figure 4. The 
compartments were formed by clamping' two hollow Lucite blocks to a 
large Lucite box with four threaded rods. The blocks were 2 in. 
by 2 in. by 2.25 in., and were bored with a center hole of 5/4 in. 
diameter. The small compartments,, a and 0, were cylindrical. 
Compartment p had a porous, membrane on either end and compartment a 
had a porous membrane only on one end. The volumes of compartments a 
and 0. were l4 cc each. The Lucite box, .compartment y , was 7 in. by 
7 in. by 6 in. Its volume was approximately 4 liters.. On one side., 
the box had a 5/4 in. diameter hole and an adapter for clamping 
compartments a, and 0. On two other sidesj the box had 5 in. diameter 
openings and bolt holes for clamping membranes and. attaching salt 
compartments for the osmotic removal of water from compartment y as 
shown in Figure 5. A more detailed description of the apparatus may 
be found in Appendix A. 

The entire apparatus was submerged in a Lucite water bath.. All 
tubes from the apparatus extended through the surface of the water 
bath. Two sampling, ports to compartments a and 0 extended through 
the front of the water bath. ’ The temperature of the water bath was 
maintained at 25° C by a constant temperature circulating system 
(Precision Instrument Co. , model 66600)'. 
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The solutions -were agitated at. a constant rate hy two magnetic 
stirrers (Thomas Co., model 15). One stirrer agitated compartments a 
and 0 hy means of two l/2 in. diameter Teflon-coated- stirring halls. 
The other stirrer agitated compartment 7 hy means of a l-l/2 in. Teflor 
coated stirring bar. 

Pressures within compartments a and 0 were determined hy capillary 
manometer tubes extending from the rear of the compartments. 
Hydrostatic pressure within compartment 7 was determined hy the liquid 
level within a' fill tube extending from the top of the compartment. 

Water feed into' compartment 0 and NaCl - KC1 solution feed into 
compartment a was accomplished hy hydrostatic feed from reservoirs. 

The hydrostatic heads of the reservoirs were held constant hy 
permitting makeup air at atmospheric pressure to bleed into the 
reservoirs through tubes at the bottoms of’ the reservoirs. The air 
bleed tubes consisted of glass tubes with hypodermic needles bent 
horizontally to -maintain an even, small -bubble flow of air into the 
reservoir. The heights of the reservoirs were adjustable. The liquid 
flowed through rotameter-type flowmeters (Manostat , model $ 6 -5^1-05) 
into the top -sides of compartments a and 0 (Figure 4). 

The constant outflow of solution from compartment a in the steady- 
state experiments was accomplished by means of a hypodermic needle 
pierced through a rubber septum on the* front side of the compartment. 
Polyethylene capillary tubing connected the hypodermic needle to a 
rotameter. Flow was- controlled -by adjusting the total head from 



reservoir air-bleed level to collecting point and by the back pressure 
sustained by a hypodermic needle at the solution .collecting point. 

Flow of water into compartment 0 and across the 07 membrane was 
controlled by the difference in pressure between the total hydrostatic 
head to the membrane and the liquid level in compartment 7. The latter 
was controlled by the rate of osmotic outflow of water from that 
compartment. Thus the water flow proceeded at the demand rate 
dictated by the osmotic water outflow from compartment 7. The osmotic 
water outflow was accomplished by nonwettable. vinyl fluoride membranes 
(Gelman, VF type), separating compartments j from adjacent compartments 
filled with saturated salt solutions * (Figure 5). Water removal rates 

f ' 

were varied by changing the- total membrane area and by employing 
' different salts in the saturated salt compartments. NaCl> CaClg , and 
LiCl produced water flows in respectively increasing magnitudes for 

i . 

the same membrane area. The saturated salt solutions were permitted 
to overflow into a collecting container. Saturation was maintained 
by keeping an abundance of undis solved salt within the .osmotic chambers. 
The utilization of the nonwettable membranes for creating osmotic flows' 
of water is discussed in Appendix A. 

Sampling of solutions from compartments a and 0 was accomplished 
by using 100 |1L syringes to withdraw samples through a rubber septum 
fitted into the front side of each of these compartments (Figure 6). 
Sampling from compartment 7 was done through a l/2 in. diameter filling 
tube extending from the top of that compartment. 




Figure 6.- Cross section of compartment a or 3 
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The porous membranes used in this investigation were commercially 
available membrane filters. They consisted of Millipore types GS and 
VC, and Gelman type GA-9. The manufacturers 1 specifications for these 
membranes are given in Table 2. The filters were cut to a diameter of 
1-1/8 in. The actual area exposed to the liquid phases was ^.57 cm 2 . 




TABLE *2.- SPECIFICATIONS FOR MEMBRANE FILTERS (2, 4-2) 


Water flow rate at 


Type 

Composition 

Pore size 

Thickness 

Porosity 

&P - 700 mm of Hg 

Gelman 

GA-9 

Cellulose 

triacetate 

O.lOp, 

. 127 - 152(1 

85 percent 

4-(ml/min) /cm 2 

Millipore 

VC 

Mixed esters 
of cellulose - 

0.10 ±‘ 0 . 008 p 

130 ± 10(1 

74- percent 

2 (ml/min) /cm 2 

Millipore 

GS 

Mixed esters 
of cellulose 

0.22' ± 0.02u 

135 ± 10p 

75 percent 

21 ± 3 (ml/min)/cm 2 



PROCEDURES 

Non steady -State Experiments 

Either Millipore GS or Gelman GA -9 type membranes were used in the 

07 position. Gel man GA -9 type -membranes were used in the ocp position. 

• ' i 1 * ' 

The latter membranes have a low mechanical .filtration -coefficient. 

r , t , 

which reduced the amount of solution mixing between ..the a and 0. 

.. . * . • J ’ m : ’ i : 

compartments during filling. This. maintained, the initial compartment 
' % ! ; ! ‘ * ' 
a ion concentrations, close to the ultimate steady state values and 

reduced the time to reach stationary state conditions. 

Compartment y was filled with -NaCl - KC 1 'solution ranging- from 

98 to 160 mM- • Compartment a, was filled with NaCl - KCl^ solutions 

ranging from 5 to 8 mM* The initial solution in compartment 0 

consisted of solution from compartment 7 flowing through the 07 membi 

during filling plus an, addition of distilled water to fill the 

'compartment. No attempt was made to control the initial concentrations 

in compartment 0. 

The apparatus was "brought to life" by filling the osmotic chambers 
with saturated salt solution and opening a valve in the reservoir-to- 
compartment 0 water line. The water flow rate adjusted itself auto- 
matically as the water inflow and osmotic outflow equilibrated. Various 
flow rates, ranging from 0.07 to 0*300 ml/min, were established by a 
combination of one or two osmotic chambers, and saturated NaCl CaCl2, 
or LiCl solutions. 
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The water bath temperature was adjusted to 25° C and maintained 
within +0.5° C. Constant 1 stirring was maintained. A 100 ,|iL sample 
was taken out of each compartment immediately. Samples were then 
taken hourly for the first few hours and then every 2 to 3 hours for 
the remainder of the experiment . ^ No samples were taken for a period 
of 6 to 8 hours during each night* of the experiment.. Each experiment 
required 2 to 3 days tO' reach stationary -state. '.Plow rates and 
temperature readings were taken at each sampling-. 

Samples were diluted to -a range of 0.025 to- 0.2 mM» This was 
the. linear range of Na + and K + concentrations as a function of optical 
density for the Beckman Atomic Absorption system employed. Cl~ 
activity was first measured with ‘an Ag/AgCl electrode and a. Beckman 
research pH meter.’ : Na + and K* concentrations were determined by atomic 
absorption spectrophotometry and standardization curves. These curves 
were obtained periodically from a series of ’ grayimetrically derived 
NaCl and KC1 standard solutions. 

Steady -State Experiments 

The membrane in the 07 position consisted of the Milllpore GS type 
membrane-. In the initial experiments water flow into compartment 0 
was permitted -only across the 07 membrane into compartment 7. This was 
accomplished by using the Millipore VC type membrane which has a low 
mechanical filtration coefficient and maintaining a near zero pressure 
differential across the- a0 membrane. The water bath was maintained at 

25.0 t 0.1° C. 
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In later experiments, Millipore GS type membranes were used in 
both the cc.0 and 07 positions. In, these experiments the flow of water 
into compartment 0 partially distributed into the a compartment depending 
on the magnitude of the pressure -differential across the a 0 membrane 
The apparatus was filled as in the nonsteady -state experiments. 

•The HaCI and KC1 concentrations of the filling solutions for 
compartment y were maintained at approximately 100 mM throughout 
these experiments. A set of experiments was run over a range of water 
flows into 0 from-0 to 0.7 ml/min, for each of the following NaCl - KC1 
concentrations of solution flowing into a: 100 mM> 50 mM, 25 mM,, 
and 5 mM. Each solution brought about an increasing concentration 
gradient in compartment a relative to compartment , 0 . 

In initial experiments water 'flows into 0 and 'out of 7 . were , 
controlled as in the nonsteady-state experiments, that is, by hydro- 
static feed into 0 and osmotic removal from 7 . In later experiments 
total water flow into compartment 0 also depended on the pressure 
differential across the a 0 membrane. 

Solution flow rate through compartment a was controlled by the 
hydrostatic head and back pressure from the collecting needle. This 
flow was' so controlled as to maintain a constant measurable con- 
centration differential between the in and outflow for a solution oj 
given concentration flowing into a. The intent was to maintain a 
constant concentration gradient from a to 7 for a given solution 
flowing into a over the entire water flow range 'into the 0 compartment. 
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This then permitted a plot of ion transport against a constant 
concentration gradient versus water flow. 

The system reached a steady -state "by running overnight. Timed 
samples of compartment a outflow were collected in 10 ml volumetric 
flasks and 100 pL .samples were taken from "both j3 and 7 . Flows a^, 
a out-> Pin' temperature were recorded. Samples were taken 

until three consecutive samples had the same ion concentrations which 
indicated, that the system had reached a steady-state. 

Sampling, dilutions, and analyses were performed as in the nonsteady- 
s.tate experiments. In addition, gravimetric determinations of total 
salt, content in the cxi n and a ou ^ samples were made.. The ion transport 
rates were calculated as .given in Appendix C. , 
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BESULTS AND DISCUSSION 

Initial comparisons of theoretical and experimental results made it 
immediately apparent that correlation of the data with the theoretical 
predictions depended highly on the assumed values of the effective mem- 
brane pore areas and gradient boundary thickness . There are a number of 
reasons for this. First, in the theoretical derivations, phenomena 
related to the actual existence of pores within the membranes and to the 
tortuosity would have the effect of decreasing the effective pore area 
and increasing the boundary thickness. Second,, solution stirring has a 
significant effect on boundary thickness . Because -of the apparatus 
design, the stirring- for these experiments was only moderately controlled. 
.The geometry of the apparatus and the use of 'a water bath for temperature 
control necessitated the use of magnetic stirrers and relatively small 
stirring bars or balls, which proved to be oiily a. -moderately ‘effective 
method of solution agitation. Also, the apparatus design was such. that 
there existed a poorly stirred region on the 7 compartment side of the 
37 membrane-. All this had the effect of increasing the boundary thick- 
ness . Finally, each experiment' was conducted over a period of days during 
which time the membranes became partially clogged. Although the hydro- 
static head was increased to maintain constant water flow, the effect of 
the clogging was' to decrease effective membrane pore area. Similar 
membrane clogging was observed by Nims and Thurber (26.). The problem of 
not being able to precisely specify the membrane effective pore areas 
and boundary thicknesses, necessitated the introduction of an empirical 
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parameter, tj, correlating theoretical values to the manufacturer's 
membrane specifications : 



A comparison of the experimental data for the time rate ©f change of Na"^ 
and K + concentrations in compartments .a and 0, shown in Figure 10 and 
Table 4, with the theoretical results, shown in Figure 9, for the same 
water flow rate across the 07 membrane indicates that the ratios of mem- 
brane area to boundary thickness were less than the membrane manufac- 


turer's values. 

An additional problem in correlating experimental data to theoret- 
ical calculations was the difficulty of specifying the velocity of water 
molecules within, the membrane. The analytical model neglected viscous 
effects near the pore walls and assumed a constant water velocity equal 
to the water flow across the membrane per unit pore area. The assumptio: 
of a velocity was difficult because of the difficulty in specifying the 
pore area. A decrease in pore area has the effect of increasing the 
water velocity. Furthermore, in the case of viscous flow through a 
cylindrical pore, the flow is of the Hagen -Poiseuille type (l) in which 
relatively static layer of fluid) existing along the pore wall, decrease 
the effective pore area and therefore increases the average water 
velocity. Pore tortuosity increases this effect still further. This 
difficulty made it necessary to introduce another empirical parameter, 

0, correlating the theoretical average water velocity within the 



membrane to the experimental water flux: 

M 

1j.q^ ' q _ \ v theoretical 

m (*A 

\ A /experimental 

r\ and 0 are functions of the membrane pore area. T) is a function of the 
area through which diffusion occurs and 0 is a function of the area 
through which hulk flow occurs. These areas need not necessarily he 
the same. 

Three nonsteady-state cases of ion concentration variation with 
time in compartments a and p are given helow. . In each case the initial 
concentration of each ion in compartment p is greater than that in 
compartment a. In the first case a low water flow rate, is utilized. 
The concentrations of hoth Ma + and K + in compartment a increase with 
time until a stationary state is reached. This increase is due to- the 
transient transport of the ions down, concentration gradients from 
compartment 7 to compartment a. The theoretical and experimental results 

are given in Figure 7 and Table 3* In the second case, a higher water 

7 + 

flow rate, F^, was used. The concentration of K s in compartment a again 

increases with time. However, the Na + concentration in compartment a 

behaves differently. After a time equal to t^ + , when the Na + 

concentrations in compartments a and p are equal, the Na + concentration 

in compartment a decreases until a stationary state is reached. Since 

the Na + concentration in compartment p is decreasing simultaneously,, the 

Na + leaving compartment a enters compartment 7, which has a- concen- . 

tration -an order of magnitude greater than that of a. The net effect is 
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Cj (mM) 


SYMBOLS 



Figure 7 .- Theoretical variation of Ha + "and KT concentrations in 
compartments a "and J3 1 with time/ « -0.100 nfl/min, 
ifP = 0.217, n Pr = 0.217., c|J a+ =, 140 mM, ' Cjj. = 150 ,mM. 

I'Jote increase of ^j a + . ani with time indicating 

transport of these ions from y to a dawn concentration . 
gradients. Stationary state K* concentrations are greater 
than Ha + concentrations. 
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TABLE 5-- NONSTEADY -STATE EXPERIMENT (NO. 10 ) Jap and 
MEMBRANES = GERMAN GA-9, 



Cffe + 

= 123 mM, c£+ = 99 mM, C^- = 222 mM 


Time 


Temp. 

C Na + 

4ra + 

a 

C K+ 

C K+ 

c a 

G C1” 

• .Cl 

- hr 

ml/min 

°C 

mM 

mM 

mM 

mM • 

mM 

mM 

0 

-0 . 068 

22.0 

2.50 

22.3 

2.80 

' 14.9 

5.30 

37.2 

1 

-0.07'2 

25-3 

4.70 

17.5 

5- Jo. 

16.8 * 

j, 10.4 

34 ..3 

2 

-0.075 

25.6 

6.7O 

14.2 

7.70 

,16.5 

i4.4 . 

30.7 

4 

-0.075 

26.6 

8.30 

13.1 

10.6 

17 .,0 

. 18.9 

30 ..1 

6 

-0-075 

28.1 

— 

13.4 

— 

18.1 

- 

31.5 

8 

-0.07 6 

28.0 

10.2 

14.0 

15.0 

18.6 

25.2 - 

32.6 

11 

‘ -0.075 

28.0 

11.8 

14.5 

17.2 

19.7 

29.O 

34.0 

14 

, -0-.075 

-28.0 

12.8 

14.9 

18 .4 

20.6 

31.2 

35.5/ 

17 

-0.075 

.28.(5 

13.8 

15.0 

19.2 

19.9 

33.0 

34.9 

23 

-0.075 

28.0 

15.2 

17.0 

21.0 

21.6 

36.2 

38.6 

26 

-0.075 

28.0 

15.3 

16.5 

21.0 

21.6 

36.3 

39.1 

29 

-0.-075 

28.0 

15.8 

16.6 

,21.2 

22.0 

37.0' 

38.6. 

52 

-0.075 

28.0 

16.8 

17.7 

21.6 

21.6 

38.4 

39.3 

48 

0.080 

28 .'0 

18.1 

15.9 

23.3 

23.4 

4l.4 

39.3 * 

50 

-0.077 

28.0 

16.8 

16.9 

21.6 

22.9 

38.4 

39.8 

; 54 

-0.-080 

,28.0 

17.6 

17.4 

23.0 

22.9 

40.6 

40.3 
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a transient transport of K + down a concentration gradient and a simul- ‘ 

taneous transient movement of Na + in the opposite direction against a 

much greater concentration gradient. Attempts to demonstrate this case 

experimentally were unsuccessful because the necessary water flow rates. 

and initial concentrations were in a difficult to control narrow range. 

The theoretical results are shown in Figure 8. In the third case (Figs. 

9 ) 10, and Table 4) even larger water flow rates, F^ , were used. The' 

+ + . 

concentrations of Na and K in compartment a decrease after time equal ■ 
to t^ 0 '. Both Na + and K + now demonstrate a transient movement from 
compartment a to compartment 7 against a concentration gradient. \ 
Additional experimental data demonstrating the third case are given , 
Appendix B. 

Results of the nonsteady-state experiments demonstrated the pendency 
for the concentration of K + to be higher than that of Na + in compartment 
P, the "cellular" compartment. Values of the Huns* distribution function 
are shown, in Table 5* Values calculated from the experimental conditions 
at stationary state compare reasonably well with the expected value 
of 1.2. Values of the function calculated from the theoretical data 
were almost in all cases precisely 1.2. 

Results of the steady -state experiments in which the water flow 
rate across the ccp membrane was zero are given in Table 6- and in Fig- 
ures 11-16 . Each pair of figures represents data for transport against 
consecutively increasing concentration gradients from compartment a to 
compartment 7: C?/ C? a 1.11 to 1.17, C^/cJ = 2.11 to 2.ifl, and 

C?/C“ = if -00 to 5.15. 
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Figure 8.- Theoretical variation of Na + and K + concentrations in' 
compartments a and J3 -with time. f£ = -0.16.7 nd/min, 

T) a P = 0.217, ii Pr = 0.217, c^ a+ = lito C^. = 150 m. 

Note that Cg+ is increasing with time indicating K +> 
transport from y to a down a concentration gradient 
while Cg a+ is decreasing after t° a+ indicating Na + 

transport from a to y against a concentration gradient 
Stationary state K* concentrations are greater than Na + 
concentrations . ‘ 
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Figure 9»- Theoretical variation of Na* 'and K* concentrations i 
compartments a and 3 -with time-. F^ = -O.198 m Vanin, 

rf 13 = 0.217, r)^ = 0.217, <£ + = IkO mM, cL. = 150 mM. 

rv iMQ* K 1 

Note that both C^J a+ and C^. increase after tV indicating 

transport from a to y against concentration gradients. 

' Stationary state K* concentrations are greater than Ua + 
concentrations . 
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TABLE 4.- NONSTEADY-STATE EXPERIMENT (NO. 7)3 a(3 MEMBRANE = GERMAN GA~9; 
(37 MEMBRANE s MILLIPORE GS' 

C Na + = 130 mM, c£+ = 120 mM, G^- = 250 mM 


Time 

■tp7 

Temp. 

_CG 

c Na+ 

c 3 + 

c Na + 

<$- 

4+ 

c a - 
°C1 

c 3 - 

U C1 

hr 

cc/min 

°C 

mM 

mM' • 

mM 

mM ' 

mM 

mM 

0. 

0 

25.7 

7.Q0 

45.3 

7.00 

45.0 

14.0 

90.3 

0.75 

-O.I87 

24.8 

9.40 

17.5 

9.60 

' 19.5 ’ 

19.0- 

37.6 

1-75 

-O..187 

25.4 

9.80 

8.70 

9.90 

16.5 

19.7 

25.0 • 

3^5 

-O.I87 

25.1 

-- 

4.90 

— 

8.20 

— 

*15.1 

4.75 

-0.192 

24.9 

9.00 

5.50 

10.0 

7.50 

19.6 

13 fO 

6.75 

-0.195 

25.0 

7.30 

3.70 

8.80 * 

7.20 

16.1 

10.9- 

9.25 

-0.199 

25.0 

6.20 

5.40 

9.40 

8.10 

15.6 

.11.5 : 

12.25 

-0.199 

25.0 

'4.-8o 

5-10 

8.80 

8.90 

15.6 

12.0. 

15.25 

-0.192 

25.0 

4.50 

2.80 

7.20 

6.80 

11.7 

9.60. 

22.75 

-0.185 

25.0 

4.00 

3.70 

7.00 

7.70 

11.0 

11.4 

23.75 

-O.I87 

25,0 

5.80 

5.80 

6.90 

7.10 

10.7 

10.9 

25.25 

-O.I87 

25.0 

3.90 

3.70 

7„ 00 

7.50 

10.9 

11.2 

27.25 

-O.I87 

25.0 

3.90 

5 .'80- 

7.50 

7.80 

11.4 

11.6 

29.25 

-O.I87 

25.1 

— 

3.70 

— 

7.50 

— 

11.0 

30.25 

-O.I87 

25.0 

5.60 

3.70 

7.70 

8.50 

n -3 

12.2 

31.25 , 

-O.I87 

25.0 

5.60 

5.60 

8.00' 

8.10 

11.6 

11-7 

47.50 

-O.I85 

25.0 

3.70 

5.80 

8.20 

8.60 

11.9 

12.4 

49.25 

-O.I85 

25.0 

5.80 

4.20 

8.40* 

9.20 

12.2 

13.4 

54.25 

-0.185 

25.0 

5.80 

5.80 

8.20 

8.10 

12.0 

11.9 
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SYMBOLS 


rr » 



0 4 ' 8 . 12 ' 16 20 , 24 28 32 


t(hours) 

Figure 10.- Experimental variation of Fa* an'd K*" concentrations in 
compartments a and 0 with time. = -0.183 to -0.199 ml/min* 
temperature = 25. 0 0 ' C, C^ a + = 0.129 = 0.123 mM- Note 

decreasing C^ a+ and C^. after t? indicating Na + and -K*- 

transport against concentration gradients. Stationary state KT*" 
concentrations are greater than Na* concentrations. 




TABLE 6.- STEADY-STATE EXPERIMENTS; = - (ALp AP) af3 = 0; a(3 MEMBRANE s MILLIPORE VC; 
pr MEMBRANE = MILLIPORE GS; TEMP. s 25-0° C 


Exp. No. 

F 7 

w 

r a±n 

C Wa+ 

C Na + 

C lfa + / C Na + 

C P + 
C Na 

< + 
Na 



7 / a, 

C K f/ c K + 

c|f 


cc /min 

mM 

mM 

mM 

mM/HR 

mM 

mM 

mM 

mM/HR 

1 

0 

85.O 

102 

1.17 

92.3 

+ 0.024 

85.O 

100 

1.15 

92.0 

+0.028 

2 

- 0.073 

100 

101 

1.12 

47.4 

-0.107 

100 

100 

, 1.11 

54.8 

-0.107 

3 

- 0.164 

100 

101 

1.11 

25.0 

-O.163 

100 

99.0 

1.11 

32.0 

-0.215 

4 

- 0.263 

100 

101 

1.12 

12.1 

-0.225 

100 

100 

1.15 

17.8 

- 0.279 

5 

-0.620 

100 

103 

1.14 

6.30 

-0.225 

100 

100 

1.14 

7.70 

-0.290 

6 

- 0.660 

100 

103 

l.l4 

5.50 

-0.225 

100 

100 

l.l4 

6.60 

-0.288 

7 

-O.67O 

100 

101 

1.12 

5-40 

-0.222 

100 

100 

1.15 

6.50 

- 0.284 

8 

- 0.690 

100 

101 

1.12 

5.40 

-0.222 

100 

100 

1.15 

6.60 

- 0.284 

9 

0 

4 o.o 

102 

2.24 

76.7 

+O.O78 

40.0 

100 

2.11 

77.4 

+0.108 

10 

- 0.073 

49.0 

101 

2.23 

27.5 

-0.031 

50.8 

102 

2.18 

37.5 

- 0.034 

11 

- 0.164 

50.0 

102 

2.23 

15.4 

- 0.073 

50.7 

102 

2.27 

21.0 

-O.O95 

12 

-0.263 

50.0 

102 

2.32 

7.04 

-0.090 

50.5 

101 

2.41 

11.4 

-0.120 

13 

- 0.464 

50.0 

99.3 

2.23 

3 .66 

-0.115 

50.0 

98.0 

2.27 

4.90 

- 0.143 

14 

- 0.560 

50.0 

100 

2.23 

3.20 

-0.106 

50.0 

100 

2.30 

4.00 

- 0.142 

15 

- 0.570 

50.0 

100 

2.23 

3.20 

-0.103 

1 50.0 

100 

2.32 

4.00 

- 0.142 

16 

-0.578 

50.0 

100 

2.23 

3.20 

-0.102 

50.0 

100 

2.33 

4.00 

- 0.142 

17 

0 

14.5 

98.5 

4.38 

68.3 

+0.127 

13.8 

99.0 

4.08 

68.8 

+O.I65 

18 

-0.118 

25.0 

99.0 

4.23 

15.5 

-0.015 

25.0 

98.0 

4.00 

22.4 

-0.005 

19 

-0.263 

25.0 

101 

5.03 

4.80 

- 0.041 

25.0 

101 

5.15 

8.00 

- 0.045 

20 

-0.390 

25.0 

100 

4.71 

2.10 

- 0.037 

25.0 

100 

4.92 

2.80 • 

- 0.046 

21 

-o. 4 io 

25.0 

100 

4.65 

2.10 

- 0.035 

25.0 

100 

4.85 

2.80 

- 0.045 

22 

-0.720 

10.0 

99.0 

12.5 

0.60 

-0.020 

10.0 

99.0 

13.7 

0.70 

-0.026 

23 

-0.600 

4.95 

99.0 

24.8 

O.56 

-0.009 

5.00 

99 .o 

25.7 

0.61 

-0.011 




6k 


The gradients are given as ranges rather than as specific values "because 
to have experimentally set them to specific values would have required 
a priori knowledge of the data to "be determined. The concentrations of 
ions in compartment 7 were between 98. 0 and 102 mM. The membranes 
consisted of the , Millipore VC type at the a(3 position and the Millipore 
GS type at the (37 position. The dashed lines in the figures represent 
analogous theoretical data. Calculations were performed for values of 
the empirical parameters = 0.217, ^ - O.585, and 9 “ 1*6. These 
values were ’Obtained by matching two specific theoretical points to the 
corresponding experimental points in Figures 11 and 12. These points 
were AJ^ a + at F| = -0.7 and C^ a + at F^ = -0.3* Both the steady state 
analytical and experimental results in Figures 11, 13, and 15 produced 
similar plots of ion transport versus water flow across the (37 membrane 
in all cases. Since in all cases studied the concentrations in compart- 
ment 7 were higher than those in compartment a, ions diffused from 

a, 

compartment 7 to compartment a at zero water flow rate, i.e., AJ^ was 
positive. Since the concentrations in a and 7 were maintained constant, 
diffusion proceeded at a steady -state rate, with K* - diffusing at a 
greater rate than Na + . The effect of a low water flow across the 07" 
membrane, that is, opposing the direction of diffusion-,, has the effect, 
of decreasing the rate of diffusion. At a higher F^., the diffusion is' 
blocked, i.e., AjJ becomes equal to zero. Na + diffusion,, since it 
proceeds at a lower rate for the same gradient, ’is blocked at a lower 
water flow rate than is IC*" diffusion. At water flows greater 1 than- those 
causing diffusion blockage of an ion the transport direction of , that ion 
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Figure 11.- Variation of Na + and- K 4 * transport- -with' -water flow across 
,0V membrane; 0; l*17i temperature - 25 *0° ( 

Theoretical: Tp&' « 0.2TjV ^ - 0.585, 0’= 1.6, cT/C^ * l.lki 
Note that the greater part of the curves -are in the negative AJ^ 
region indicating Na + and K* transport from a to 7 • against 
concentration gradients,. 



100 
80 

60 
40 

20 

*(mM) 

8 
6 

4 
2 
1 

F' (ml/min). 

W 

!igure 12.- Variation of Na* and K + concentrations in compartment' p 
with water flow across pr membrane $ = 0; cT/cf? = 1.11 to 1.17; 

temperature * 25 0 c. Theoretical: ipP = 0.217, =• 0.585, 0=1 

CT/C? - 1.14. Note that the concentration of K* is greater than that 
of Na* within compartment p, the "cellular" compartment . 




Figure 13.- Variation of Na + and K 4 * transport -with water flow across 
0T membrane; ^ = 0; c£/c^ = 2.11 to 2.41; temperature = 25.O 0 C. 
Theoretical: 7} a P = 0.217, = 0.585, 0 « 1.6, cT/C? = 2.2. 

Note that the greater part of the curvres are in the negative AJ? 
region indicating Na* and K+ transport from a to r against 
concentration gradients-. Also, note that the transport is less 
than that against the smaller gradient 'in Figure Hi 
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Figure 1^.- Variation of Na + and K + concentrations in compartment J 3 

with water flow across (3y membrane; F^ = 0; C^/cJ = 2.11 to 2.^1; 

temperature = 25.0° C-. Theoretical: - 0.217, t)3T = 0 . 585 , 

9 = 1.6, cl/ci = 2 . 2 . Note that, the concentration of K + is greater 
than that of Na + within compartment ft, the " cellular M compartment. 
Also note that both Na + and K* concentrations are lower than 
foose for a smaller ratio Cj/Cj in Figure 12. ' 
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Figure 15«- Variation of Na + and K* transport with water flow across 
Pr membrane; F^ = 0; cj/cf = 4.00 to 5.15; temperature = 25. 0° C. 
Theoretical: T] af3 = 0.217, ijPTT » 0.585, 6 = 1.6, C^/C? 1 = 4.5. 

Jote that ion transport down concentration gradients, positive AjJ, 
ire greater and the transport against concentration gradients, 
legative 1 A7J, are smaller than transport for smaller gradients 
Ln Figures 11 and 13. 



r, (ml/min) 
w 


Figure 1 6..- Variation of Na + and K + concentrations in compartment j3 

with water flow across membrane; F^ = 0; * C^/cJ = ^.00 to 5.15; 

temperature » 25.0° C. Theoretical: Tj a P = 0.217, ^PT = 0.585, 

9 = 1.6, Ci/cf =4.5* Note that the ion concentrations are lower 
than those for smaller ratios cT/Cj in Figures 12 and l4. 4 
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reverses, i.e., becomes -negative, and proceeds against its concen- 

tration gradient-. In the region -|F^'.|(AJ^ a+ = 0)|< |f£|<|f? |(Aj“+ = 0), 

Na + and- K + move in opposite directions even- though the concentration 

gradient for each is of ‘the same magnitude and sign. At water flow 

rates greater than those causing diffusion "blockage, the transport of 

"both Na + and K occurs against their respective concentration gradients - 

This transport increases with increasing water- flow. ‘ This- increase in * 

transport with water flow, however, is at a decreasing rate -until at 

\ 

very high water flow rates the- ionic transport is essentially constant. 
This, constant value is greater for K^* than for Na + because the transport 
is proportional to- the rate of diffusion across the ccp -membrane. -Since 
K + diffusion is greater than that of Na + for the same gradient., the 
transport of K* is greater. The steady state- plots shown in Figures 12, 
14, and 1 6 relate the ion concentrations in compartment p to the water 
flow rates. These figures show the continuously decreasing values' of 
ion concentration with increasing water flow. The concentration of K 1 ' 
is higher than that -of Na + , again demonstrating the tendency for K + to 
remain high within the "cellular" -compartment. The results given in 
Figures 11 -l6 also show that as the gradient, C^/cJ, is increased, the 
transport down this gradient increases and the transport against this 
gradient decreases for the same water flow rate, F^. The ion concentra- 
tions in compartment p also decrease with an increase in this- gradient. 

Table 7 gives experimental transport data for a range of water flows 
across both the op and the p y membranes. The results are difficult to 
interpret. The experimental errors for these experiments were quite 



TABLE 7.- STEADY- STATE EXPERIMENTS ap and £7 MEMBRANES = MILLIPORE GS; 
TEMPERATURE = 25.0° C 


Exp. No-. 

■ 1 

F a 

r ¥ ' 

ain 

C Na T 

C Na+ 

C L + / C Na+ 

C P + 
Tfa + 

< + . 

ain 

e K + 


c W c fr 

nPj_ 

L k + 

a 

AJr+ 

— 7— 

cc/min 

cc/min 



mM 

mM/HR - 

mM 

mM 

mM 

mM/HR 

24 

-0.155 

0 

100 

100 

1.12 

52.8 

-0.145 

100 

100 

1.15 

40.1 

-0.157 

25 

-0.252 

0 

100 

100 

1.15 

18.5 

-0.185 

100 

100 , 

1.18 

22.8 

-0.251 

26 

0 

+0.091 

120 

100 

1.64 

42.5 

J 

+0.156 

120 

100 

1.05 

51.0 , 

+0.175 

27 

-0.155 

+0.100 

,l40 

100 

1.10 

l4.6 . 

-0.040 

-l4o 

100 

1.10 

25.3 

-b.o4o 

28 

-0.252 

+0.105 

i4o 

' 100' - 

1.08 - 

8.05 * 

-0.049, 

, i4o 

100 

1.10 

9.90 

-0.084 

29 

-0.457 

+0.150 

i4o 

100 ‘ 

I .O9 

l.4l 

*-0i015 

l4o 

100 

1.10 

2.64 

-0.058 
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large due to difficulties in controlling and measuring three different 
flows simultaneously: F^, F^, and F ^ a ^ ne • However, the data do 

indicate that the ion. transport in the positive direction increases and 
ion transport in the negative direction decreases with increasing water 
flow across the op membrane, i.e.,. when F5£ > 0. This was -also demon- 
strated with theoretical data as shown in- Figure l8. These data also 
demonstrate that the relative values of T] 0 ^ and are very useful in 
determining the degree to which the transport is increased or decreased. 
As shown in Figure 18,. for a ratio of Tj^/rj 0 ^ equal to 2.7, transport -in 
the negative direction is almost totally blocked for all values of water 
flow across the 37 membrane by a flow across, the 03 membrane equal to 
+ .1 ml/min. Furthermore, in comparing Figures 12 and 17 it may be s,een 
that for the same total water flow into the system, |F^| + |f^|‘, the ior 
concentrations in compartment 3 are lower if part of the water flow 
occurs across the cc8 membrane . An increase in water flow,' F a , ''across 

the 03 membrane causes an increased differentiation between Na + and K + 

y *, ' 

transport over most of the water flow range, F^. These theoretical data 
are shown in Table 8. 

In view of the significance' of the membrane parameters and 
on the theoretical results, an analysis was performed to determine the 
effects of variation of these parameters for the ccp and 37 membranes on 
transport rates and on the ion concentrations in compartment 3* At zero 
water flow across the ap membrane, the transport proceeds at the rate of 
diffusion across that membrane. A decrease in t) 0 ^ which means a 
decrease in diffusion area or decrease in gradient, produces a decrease 



C?|(mM) 


Figure 17.- Var 
•with water f. 
0.150 ml/min 
Theoretical: 

Fv = 0.1 n a 
are much li 
water flow 
water flow a< 





r 5- 



F* (ml/min) 


Figure l8.~ Theoretical variation of Ha* transport with water flow 
-across pr membrane and water flow across <xj3 membrane. 

c ^ a + / C Ha +:= 1 * 1 ^ 0.217, T] Pr = O. 5 B 5 . Note that for the 

values of r] employed transport against the concentration 
gradient, negative All, is almost totally "blocked for all values 
of F w by a water flow across, the ccp membrane equal to 
0<1 ml/min. 
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in transport for all values of water flow across the .07 membrane. This 
is shown in Figures 19 and 20. Decreasing , and thereby decreasing 
diffusion into compartment 0, has the effect of decreasing ion concen- 
trations in 0 for the same water flow. This is shown in Figure 21. A 
decrease in ifi? 9 or, in effect, a decrease in effective pore area or in 
gradient for the 07 membrane, results in an- increase in ion transport in 
the direction of water flow. This occurs because of an increase in water 
flux, a reduced gradient against which transport takes place, and decreasec 
back diffusion. This case is shown in Figures 22 and 23. As shown in 
Figure 2k , a decrease in T|^ reduces ion concentrations in compartment 0. 
Again, this occurs because of a reduced back diffusion across the 07 
membrane. 

The actual biological problem is much more complex than the model 
presented in this study. However, the basic features of the model 
consisting of multiple compartments separated by phase boun darie s with 
material flows across them exist in all biological .systems. The 
phenomena which occur in such a model must also occur in a biological 
system since both are governed by the same physical laws. Although the 
flows of material across a cell membrane may be small, the transport 
phenomena, as presented here, are- a function of the velocities of the 
components. These velocities may be extremely large due to the small 
pore areas thought to exist in the- living, membrane . The flow of water 
considered in this study is only one -of many metabolic component flows 
which traverse the living cell membrane*. Components other than water 
maybe more efficient in transporting ions. Flows of glucose, lactic 




Y S 

F'w (ml/min) 


Figure 19*- Theoretical variation ' of Na'** transport wltn f water riow 
across the py membrane and cJ a +/C§ a * k = 1.1^ ’= 1.0. 

ETote increase" in negative transport with increase in area or 
decrease in thickness -of the cc,j3 membrane. 
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Figure 20.- theoretical variation of K + transport with water flow 
across 0r- membrane and ;q a £. cj /c& = l.li, n^ r = 1.0. 

Note increase in negative transport with increase in area or 
decrease in' thickness of the aJ3 membrane. 
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Figure 22.- !Theoretical variation of Na + transport -with, water flow 
across the membrane and G jj a +/ G § a + = Ti a ^ = 0..217* 

Note increase in transport rates with decrease in area or increase 
in thickness of the frr membrane. 



F* (ml/min) 


Eigure. 23.- Theoretical variation of K + transport with water flow 
across pr membrane and ijPV. 0^/0^. = 1.14, tj 00 ! 3 = 0.217. 

Note increase in transport rates with- decrease in area or 
increase in thickness, of the p-jr membrane. 



F; (ml/min) 
w 

Figure 24.- Theoretical variation of m + and K + ’' concentrations in 
compartment p with flow of water across » p r membrane ana t]PT. 
c£/c| - l.l4, r] a P = 0.217. Note decrease in na + and K* 

concentrations in compartment p with decrease in area or 
increase of the . By membrane . 1 r ' 
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acid, urea, ammonia, and carbon dioxide have been shown to be -able to 
transport ions (27, 38) . 

The membranes utilized in this study are simple relative to the 
biological membranes. Pore sizes in cell membranes, of the order of 
magnitude of hydrated ions,, would have the effect of increasing the 
tendency to .differentiate between ions. The ions having greater 
permeability would tend to move in an opposite direction to' the transport 
of ions of lesser permeability in order to maintain electroneutrality 
across the cell membrane. 

An analogy may be made between the model" of', this study and a three - 
compartment biological system such as the kidney (I3, 23, 30, 34). In 
general, Na + ions are thought to ! move from the ■kidney tubule lumen into 
the tubule cell, down a concentration gradient existing across the lumenal 

t ' 

membrane. The Na + is then transported out of' the cell compartment into, 
the interstitial fluid compartment against a concentration gradient 
existing across the basal membrane. This i-s consistent with the model 
if it is assumed that the fluxes of components essential to -the trans- 
port mechanism are greater between the- cell and the interstitial com- 
partment than between the- cell and the lumen , compartment . An indication 
that this indeed may be so in the proximal tubule is the fact that the 
mitochondria in the’ proximal tubule cells are primarily located within 
the invaginations of the basal membrane. The model situation in which 
•no water flow exists across the o£ membrane is analogous to the ascending 
loop of Henle where it is proposed that Na + is transported against a 
gradient from the lumen to the interstitial fluid while no water moves 
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between these compartments. The water 'flow probably is blocked 'by the 
lumenal membrane. Other sections of the kidney tubule are variably 
permeable to water,, and thus a water flow may exist across both membranes 
As demonstrated by the model, the distribution of flows across the two 
membranes is dependent on the properties of these two membranes-. The 
brush border on the lumenal side of the proximal tubule cells, for 
example, could function to greatly increase the pore area of the lumenal 
membrane relative to the basal membrane and thereby control the magnitude 
direction, -and differentiation of transport of different ions. This is 
supported by the data in Figures 19 and 22, which show that in order to 
maximize Na + reabsorption the lumenal membrane should be as large as 
possible relative to the basal membrane. 
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CONCLUSIONS 

In a two -membrane, thre.e-compartment system in which the concen- 
trations of Na + and K + in the "interstitial" compartment are held 
constant, a transient transport of Na* and K + from the "lumen" 
compartment to the "interstitial"' compartment against a concentration 
gradient may be maintained by a flow of water from the "cell" 
compartment to the "interstitial fluid" compartment. This transport 
will proceed -at a steady-state rate if the Na + and K + concentrations 
in the "lumen" compartment are also held constant. 

If the water flow is decreased, the system will reach a point 
where the water flow no longer sustains K + transport against its 
■concentration gradient, and the transport of the Na* and K+ will proceed 
in opposite -directions, K* moving down the gradient and Na + moving 
against an equal or larger gradient. A similar steady-state phenomenon 
is observed when concentrations in both the "lumen" and "interstitial 
fluid" compartments are held constant. 

For the same water flow across the membrane separating ' the 
"cellular" and "interstitial" compartments, the steady-state Na* and K + 
transport against the concentration gradient decreases with increase 
of the gradient. 

For equal concentrations of Na*** and K* in the "lumen" and "inter- 
stitial" compartments, the concentration of K* is' greater than that 
of Na + in the "cellular" compartment for all except extremely low 



87 


values of water flow from the "cellular" compartment to the 
"interstitial" compartment. 

Both the analytical model' and the experiments. should he expanded 
to include membranes which have specific permeabilities for the ions 
under consideration. They should also "be expanded .to include nonionic 
components such as glucose and urea. 
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APPENDIX A 

Experimental Apparatus Details 

Drawings showing the details of the experimental apparatus are 

given in Figures 25-31. Dimensions are given in inches. Descriptions 

of the part numbers in the drawings are given in Table 9* The apparatus, 

except where indicated otherwise, was made of Lucite-. 

Because of instability the .specific ion electrodes, part No. 46, 

•were not -used as shown. Instead samples were taken, and analyzed by 

a Beckman atomic absorption system. 

The use of a nonwettable membrane for creating an osmotic water 

flow is an innovation resulting from this study. This type of membrane 

is normally used for filtering organic solvents or passing a gas into 

aqueous solutions. . Since the membrane', will pass 'water vapor but- not 

* ^ 

aqueous solution at normal pressures, water may be transferred across 

f ; » - 

the membrane as a result of a water partial pressure gradient. This 

gradient may be established by a differenqe in the colligative 

, * * *- 

properties of the solutions on either side of the membrane ‘or a temper- 
ature differential. The transfer, rate is Independent • of the pressure 
differential across, the membrane over a large pressure 1 range. 'If air 

saturation of the membrane is maintained, ‘the water .transfer against 

{ 1 

a pressure differential is limited only Xfy the burst pressure of the 
membrane. Transfer of water against a pressure differential of 20 psi 


have been observed. 
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Some "breakthrough of the more viscous saturated LiCl and CaC3-2 
was observed at membrane support 'points. This resulted in a decrease 
in water transfer rate over a period of days. 'This breakthrough was 
not observed for the saturated NaCl solutions. 



93 
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Figure 25. ~ Apparatus Cross Section 
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■ 90° COUNTERSINK 
10 MAKE .55 0.D7 

Three places 

TAP FOR 10-24- 
3/8 DEEP 

H EL ICO I L INSERT 
3 PLACES 




Figure 29.- Compartment J3 detail. 
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Figure 31*- Water bath detail 
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TABLE ’9-- EXEEHIMENTAL APPARATUS PARTS DESCRIPTION 

Part 

No. 

Description 

2 


■Water lath lid 

5 


Compartment y 

4 


Stainless steel nut 

5 


Stainless steel washer 

6 


Stainless steel threaded rod 

7 


Monel screen membrane support 

8 


Rubber 0-ring 

9 


Compartment .J3‘ 

10 


Compartment a 

ll 


Millipore membrane^ VC or GS 

12, 13 


Osmotic compartments 

l4 


Nonwettable membrane retaining ring 

13, 16, 

18, 19 

Spacer disc 

20 


Stainless steel washer 

21 


Stainless steel screw 

22 


Rubber 0-ring 

23 


Rubber gasket 

24, 25 


■Gelman VP-6 membrane 

2 6 


Stainless steel screw 

27 


Stainless steel helicoxl inserts 

28, 29, 

30 

Monel screen membrane support 

31, 32 


Rubber gasket 

33 


Stainless steel screw 

36 


Sampling port 

37 


Stainless steel retaining plate 

38 


Rubber septum 

39 


■Stainless steel retaining plate 

4o 


Rubber 0-ring 

4i 


Stainless steel bolt 

42 


Stainless steel retaining plate 

43 


Rubber 0-ring 

44 


Stainless steel bolt 

45 


Swagelok fitting 

46 


Specific ion electrode 

47 


Stainless steel washer * 
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APPENDIX B 

Additional Data and. Calculated Values- 

Tables 10 and 11 show the results of nonsteady -state experiments 

at two additional water flow rates. The results are similar to 

7 w 

those presented In Table 4. 

Table 12 shows the concentrations of solution flowing into and 
out of compartment a , and the time for collecting a 10 ml sample out 
of compartment a, from ^hich the ion transport rates for the steady- 
state experiments were calculated. 
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TABLE 12.- LIST OF EXPERIMENTAL CONCENTRATION AND TIME VALUES FROM 
WHICH STEADY-STATE TRANSPORT RATES WERE CALCULATED 


Exp. No. 

^ain 

C Na + 


mm 

_aout 

V 

Time for 
10 ml sample 

mM 


1 

mM 

minutes 

1 

85.0 

87.0 

85.0 

87.3 

51.3 

2 

100 

90.4 

100 

90.4 

53.8 

3 

100 

91.0 

100 

88.0 

33.4 

4 

100 

89.9 

100 

87.5 

26.8 

5 

100 

90.3 

100 

87.5 

25.9 

6 

100 

90.2 

100 

87.5 

26.0 

7 

100 

90.0 

100 

87.2 

27.0 

8 

100 

90.0 

100 

87.2 

27.3 

9 

4o.O 

45.4 

4o.o 

47.5 

41.3 

10 

, 49.0 

45.3 

50.8 

46.8 

71.1 

n 

50.0 

45.6 

50.7 

45.0 

36.2 

12 

50.0 

44.0 

50.5 

42.0 

*K).l 

13 

50.0 

44.5 

50.0 

43.2 

28.5 

l4 

50.0 

45.0 

50.0 

43.3 

28.3 

15 

50.0 

45.0 

50.0 

43.1 

29.1 

16 

50.0 

45.0 

50.0 

43.0 

29.5 

17 

14.5 

22.5 

13.8 

24.2 

37.8 

18 

25.0 

23.4 

25.0 

24.5 

62.7 

19 

25.0 

20.1 

25.0 

19.6 ' 

71*7 

20 

25.0 

21.2 

25.0 

20.3 

59*3 

21 

25.0 

21.5 

25.0 

20.6 

60.1 

22 

10.0 

7.95 

10.0 

7.25 

63.0 

23 

4.95 

4.oo 

5.00 

3.85 

64.o 

24 

100 

87.7 

* 100 

86.8 

50.5 

25 

100 

88.0 

100 

85.0 

39.1 

26 

120 

*96.0 

120 

* 96.9 

28.9 

27 

i4o 

91.0 

l4o 

91.0 

33*6 

28 

r l4o 

92.8 

l4o 

91.0 

31.0 

29 

i4o' 

92.2 

i4o 

,91.2 

22.> 
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'APPENDIX C 

Calculations 

All theoretical calculations' were performed by computer analysis, 
and the data were plotted directly from the computer printouts. 

Calculations of transport rates were calculated from experimental 
data presented in Table 12 as follows: 

AT a _aout _ain 
“ Ji 

„ .aout , N ain 

( C i F saline^ " ^ C i F saline^ 

For the experiments in which the water flow across the aJ3 
membrane , is zero, the flow of solution into a, was equal to flow of 
solution out of a. This flow was determined by timing a 10 ml sample. 
Thus 

51 ) = (cf ut - cf n ) iooo 

1 1 . 1 t hours 


where 1000 is the dilution factor. 

A sample calculation of transport rate ( steady- state experiment 
No. 5) -is -given below: 


1000 = 90.5 mM 

Na"** i hrs . 

t - 25.9 min x t - — r— = 0A32 hr 
ain ' °° mn 

1000 C Na + = 100 mM 


AJ^ a+ = (90l3 100) .x 


0.01 

0A32 


= - 0.225 mM/hr 



io 6 


For the experiments in which F^ was not zero, the saline solution 
flow into and out of a were different. The saline flow out of a was 
again determined by timing a 10 ml sample while the saline flow into- 
a was read directly from a flow meter. The transport is now calculated 
as follows: 

52) Ajf = [(cf ut - (qPsaline^JlOOO 

A sample calculation of transport rate for 5^ = 0.15 ml/min, 

F^ = -0.457 ml/min (steady-state experiment No. 29) is given below: 

1000 C 00 ? = 92.2 t = 22.5 min x 1 — = 0.375 hr 
Na 6o min 

1000 C^+ = l'4o Saline = 0.294. ml/min X 60 X 0.001 

= O.OI77 L/hr 

AlL* = ' 92.2 x ■ °* 01 - l4o X 0.01771 
L 0*375 1 

= - 0 . 015 ' mM/hr 
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APPENDIX D 

Analytical Manipulations 

Derivation of equation 23 from 22 (19) • 

7e define the most abundant ^component as the solvent, w, -and write 
n 

55) <t> = grad (-n t ) + J w .• grad (-m,) 

1=1 

The chemical potential, \ 1 ^, is both pressure and -concentration 
dependent : 

5*0 grad (-p^) = \ * grad (-P-) + grad (-p^) 

Vi is- the- partial molar volume of component- 1, P is the pressure at 
plane 0, and p£ Is the concentration dependent part .of the chemical 
potential at plane 0. Similarly,, for the solvent: 


55) 


grad (-pj = V w • grad (-P)h* grad (-p£)’ 


Substituting equations 54 and 55 into equation 55 and dropping vector 
notations since we are considering the one -dimensional case, we, have: 


56) i 


n , j- 

“X J i|> 

1=1 


grad (-P) + grad f-p| 


:-n?)J + j w [v w 


grad C-P) 


grad ( 




The forces grad ( -M-J) a ^ e not independent but are related by the 
Gibbs-Duhem equation which requires that 

n+1 

57) Y, c i ® rad = 0 

i=l 

CjL is the concentration of component i at plane 0. 

Equation 57 is good for all pressures in the system. Rewriting 
equation 57 > so as to differentiate between solvent, w, and solutes, 
we have: 


58) 


grad (-Mw) ='- — / Ci graa (-u£) 

^ tl 


Substituting equation 5& into equation 56 


59) 


IVi + v* 

i=l 

"y ° a s ' 

L Vu 


grad (-P) + 


'n 


i=l 


.=1 


grad (-fi!?) 


,Now, rewriting equation 59 


- 1 

rn -i 

n 

V 

c i 

J i " “ 

o\ 

o 

■Sk 

II 

2/ Vi + V A 

,grad (~P), + ) 


i=i 

1=1 

w 


grad (-|i£) 


The quantity in the first, bracket in equation 60 is the volume flow 


through the barrier: 
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n 

61) r v + v w J w 

1=1 

The quantity in the second "bracket in equation 60 is the diffusion 
flow of component i relative to the solvent: 

J i = C i( v i “ v w) 



v^ is, the velocity of component i at plane 0 relative to a reference 
coordinate fixed at plane 0. Similarly, v w is the velocity of the 
solvent at plane 0. Equation 6o may now "be written in terms of volume 
■and diffusion flows: 

n 

63) l = J y grad (-P) jf grad (^) 

i=l 

2, Derivation of equation 29 from 2$ 

We utilise the chain rule relating the chemical potential gradients 
to concentration gradients: 

V 

grad (-jag) -2, g^ad (-C k t) 
k’=l ^ 


64 
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k' 1 is simply a new subscript for the n solutes. Substituting 
equation 64 into equation 2 6, we have 

n n ^ c 

65)' 4 -£ X L ik ^ ad (- c k’) 

k=l k*=l K 


where (19) 

66 ) 


x 

k=l 


^ = D ik- 


J ik acjjt 


•Equation 65 may now he written in terms of diffusion coefficients. 
Since k and k* have been chosen arbitrarily, they may be used inter- 
changeably: 


n 

67) J i 1)111 graa ^ -Ck) 

k=l 

3. Demonstration of validity of neglecting cross- coupling coefficients 
in equation 36 * 

For the condition = 0, equation 35 defines a system of 
differential equations.: 


dC-i dCo EV, 

?niE + I te-ai-T c i - 0 


dCo 


do dC 2 F 

Dp-t — - + Dpp — — Cp 

to dx A d 


68) 



Ill 


Let us assume solutions of the type 

69 ) c t = K it) e A J X 

Substituting the solution into the system of equations we have the 
matrix 



The characteristic equation defined by setting the determinant in the 
matrix equal' to zero is as follows: 

71) (%.9?2 ' D 12 D 2l) A j " + D 22)^j + ^x) = ° 

DigDgi in equation 71 are negligible relative to D-nDpp. The eigenvalues 
now become 
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APPENDIX E 


Error Analysis 

1. Flow readings 

The manufacturer of the flow meters employed in this study gave 
the expected error of the flow readings to he 2$ of the full scale 
reading of .0*5 ml/min for a sapphire float and' 1.0 ml/min for a 
■stainless steel float. This was consistent with observations made 
during calibration of the flowmeters. 

2. Determinations of Na* and K* concentrations in compartment 6 and 7 : 

Procedure Error 

a. 0.1 ml sample by syringe: ±0.001 ml 


b. 

Addition of 5 ml water 
(min. dilution): 

±0.0b ml 

c. 

Sample into 100. ml volumetric 
flask (max. dilution).: 

± 0.08 ml 

d. 

Concentration determination by atomic 

absorption spectrophotometry,: ±0.001 mM 

e. 

Estimated maximum error: 


Determinations of Na + and K + transport., 

= o 

a. 

Collection of 10 ml sample: 

±0.02 mi 

b. 

Timing of the collection: 

±0.1 min 

c. 

Pipetting of 1.0 ml from the 
10 ml sample: 

±0.01 ml 

•a. 

Dilution of 1.0 ml in 1.0 L 
, volumetric flask: 

±0.3 ml 

e. 

Concentration determination by atomic 

absorption spectrophotometry: ±0.001 mM 

• f 

Estimated maximum error: 

±22$ 
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APPENDIX F 


List of Symbols 


A 

A“|5 

&?■ 

B ik 


b?£ 

, ak 


pOC p(3 p7 

c i" i" 1 


D ik 

D ik 

B n 

d 12 


d 21 


d 22 


total membrane pore area 

total membrane pore area of op membrane 

total membrane pore area of p7 membrane 

• ' ,/AD*\«0- 

coefficient equal to — — 

■ • . \AX/ 


coefficient equal to 


(D 


P7 


concentration of component i 
* , / 

concentration- of component i in compartment a, p, .and 7., 

» respectively * 

concentration of water in solution 

diffusion coefficient relating the ith flow to the kth 
force 

average diffusion coefficient over integrated values 

diffusion coefficient relating the flow of Na + to the Na + 
concentration gradient 

diffusion coefficient relating the flow of Na + to the K + 
concentration gradient 

diffusion coefficient relating- the flow of K* to the Na + 
concentration gradient 

diffusion coefficient relating the flow of K* to the K + 
concentration gradient 

electrical potential 



Xlk 


F 7 

w 


pain 

saline 

paout 

saline 


fl- 


it. 


jf 

join 

i 

jOOUt 

4 


k o> k o> k i3 


U 


Ik 


L° 

P 




exponential 

Faraday constant 

flow of water across a|3 membrane 

flow of water across the (37 membrane 

flow of solution into compartment a 

flow of solution out of compartment a 

frictional coefficient between -components i and k 

flow of component i 

flow of component i across the a (3 membrane 
flow of component i across the (37 membrane 
flow of component i into compartment a 
flow of component i out of compartment a 
flow of component i relative to the flow of solvent 
. diffusion flow 
volume flow 
flow' of water 
eigenvector 

phenomenological coefficient relating the ith flow to the 
kth force 

mechanical filtration coefficient for membrane 
mechanical filtration coefficient for differential thickness 
of membrane ‘ 

phenomenological coefficient relating volume flow to the 
chemical potential, gradient of the kth component 
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L DP i 

^ 1 , 29 ^ 2,1 


M 

n 


n j> n !L n i 


“L 

0 


P 

Q 




^ik 

S 

T 


t 

V 

f^,V 7 


phenomenological coefficient relating diffusion flow of 
component i to pressure gradient 
unidirectional material ( fluxes from one side of membrane to 
the other 

summation of membrane parameters and frictional coefficients 
total number of solutes 

total moles of component i in compartments a, and 7 ' 

transport rate 

lactic acid production 

reference plane within membrane 

pressure 

heat • 

production or consumption rate of component i 
universal gas constant 

resistance coefficient relating the ith force to the kth flow 
entropy 

absolute temperature 

time 

volume 

volumes of compartments a* and 7 
partial molar volume of component k 
velocity of component i 
velocity of water 


w 


water 



x,* 


ith. force 


x 

Ax 

dx 




II 6 


direction 
boundary thickness 
differential boundary thickness 
ion valence 

compartment analogous- to the kidney tubule lumen 
compartment analogous to tubule cell volume 
compartment analogous to interstitial fluid compartment 
activity coefficient of component k 

empirical parameter representing apparent ratio of membrane 
pore area to boundary thickness to the ratio of membrane 
pore area to membrane thickness as given by the membrane 
manufacturer for the a $ and £7 membranes 
empirical parameter representing ratio of apparent water 
velocities to experiment water flux 
eigenvector 

chemical potential of component i 

concentration dependent part of chemical .potential of 
component i 

local entropy production 
reflection coefficient 
dissipation function 


CO 


mobility 



ABSTRACT 

OF 

A NONEQUILIBRIUM THERMODYNAMIC 
MODEL OF ION TRANSPORT IN A THREE -COMPARTMENT SYSTEM 

By 

Heinz George Hausch 
Department of Physiology 
Medical College of Virginia 

A physical analog of steady- state sodium and potassium transport 
in a two-membrane, three -compartment -system was studied utilizing the 
principles of nonequilibrium thermodynamics. This physical system is 
analogous to physiological systems where one compartment consisting of 
a cell monolayer separates two other compartments, such as the inter- 
stitial fluid and the renal tubule lumen. in the Ridney. The; membranes 
in the model system serve only to localize the chemical potential 
gradients between compartments. The phenomenological equations relating 
the flows through the membranes to the chemical potential gradients 
were developed from the equation for ‘energy, dissipation, within each-- 
membrane. The flows defined both the nonsteady- state rates ‘of change 

i i * , 

of concentrations within each compartment and the steady Estate transport 
across each membrane. 

Ion transport due to chemical convection was studied by adding ' 
water to the "cell" compartment and removing it from the “interstitial" 
compartment. The "lumen" compartment was left as a strictly passive 
compartment. The Na + , K + , and Cl concentrations were measured 
periodically until a steady-state was reached. 
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In further experiments the concentrations of components in the 
''lumen'* compartment were held constant by a constant flow of 
NaCl-KCl-H^O solution through the compartment. The constant flow 
of water into* the "cell" compartment distributed itself among both the 
"lumen" and "interstitial" compartments according to the mechanical 
filtration properties of each membrane. In initial experiments, the 
flows were unidirectional into the "interstitial" compartment. In later 
experiments the flow was distributed to both the "interstitial" and 
"lumen" compartment. After the system had' reached' a steady T state > the 
concentration of components, the flows in and out of the "lumen" 
compartment and the flow of water into the '"cell" compartment were - 
measured. The magnitudes and directions of the steady-state, transport 
of components were determined. 

The nonsteady- state experiments demonstrated a transient transport; 
of Na + , K + , and Cl" ions from the "lumen" compartment to ;the 
"interstitial" compartment against a concentration gradient. At lpw 
solvent fluxes the ion transport occurs with the concentration gradient. 
At intermediate solvent fluxes, K* and Na + are transported in opposite 
directions; K + is transported down a concentration gradient while Na 
is transported against an e^ual or larger gradient. 

Steady-state transport of Na and K from the "lumen" compartment 
to the "interstitial" compartment may be maintained by a solvent flux 
in the direction of transport. The magnitude of this transport is 
greatest when the concentrations of components in the two compartments 



are equal, and 1 decreases as the concentration ratio of components in 
the "intestitial" -compartment to those in the "lumen" increases. For 
the combinations of solvent fluxes and component concentrations 
investigated, the transport of K* was usually greater than the transport 
of ■Ka + . 



